Hip joint simulators have been largely used to assess the wear performance of joint implants. Due to the complexity of joint movement, the motion mechanism adopted in simulators varies. The motion condition is particularly important for ultra-high molecular weight polyethylene (UHMWPE) since polyethylene wear can be substantially increased by the bearing cross-shear motion. Computational wear modelling has been improved recently for the conventional UHMWPE used in total hip joint replacements. A new polyethylene wear law is an explicit function of the contact area of the bearing and the sliding distance, and the effect of multidirectional motion on wear has been quantified by a factor, cross-shear ratio. In this study, the full simulated walking cycle condition based on a walking measurement and two simplified motions, including the ISO standard motion and a simplified ProSim hip simulator motion, were considered as the inputs for wear modelling based on the improved wear model. Both the full simulation and simplified motions generated the comparable multidirectional motion required to reproduce the physiological wear of the bearing in vivo. The predicted volumetric wear of the ProSim simulator motion and the ISO motion conditions for the walking cycle were 13% and 4% lower, respectively, than that of the measured walking condition. The maximum linear wear depths were almost the same, and the areas of the wear depth distribution were 13% and 7% lower for the ProSim simulator and the ISO condition, respectively, compared with that of the measured walking cycle motion condition.
Introduction
Artificial joint replacements are effective in providing normal function to many patients suffering from severe joint diseases [1] . The joint replacement treatment has been continuously evolved, from hips and knees to other major synovial joints [2] [3] [4] [5] . However, the joint bearings are subject to wear. Wear debris generated mainly from the joint bearing surface accumulates in local tissues, causes adverse tissue reaction, and ultimately leads to implant fixation failure [6] . Wear-induced failure remains a major limiting factor affecting the long-term performance of the joint replacements, particularly for younger and more active patients. Recognition of the wear issue has led to extensive wear studies to predict wear performance, understand wear mechanism and evaluate design factors [7] [8] [9] [10] .
Wear studies of artificial hip joint bearings have been largely carried out experimentally. Wear tests based on a simple bearing configuration using pin-on-plate testers are useful for identifying wear properties. For example, conventional UHMWPE has been substantially tested to determine variations in wear rates with changes in individual tribological system parameters such as contact pressure, cross-shear, or counterface roughness [11] [12] [13] [14] . The tests have been extended to develop wear laws for polyethylene joint bearings [15] . For the full-scale wear simulation of an actual joint bearing, joint simulators have been developed to replicate the motion, loading and environment in vivo [16] . However, a precise reproduction of the complex operating conditions is generally difficult [17] . The hip simulation ISO standard for wear assessment defines a standard walking cycle for a standard patient [18] . In many hip simulator designs, kinematics and loading conditions have been further simplified such as by reducing the full three axes rotation to flexion/extension and internal/external rotation [16] . With increasing demands for the implant wear testing under various functional requirements, the simulators that can provide a balanced complexity and accuracy are necessary, and such a design requires a better understanding of the effects of various operating conditions on wear. As an alternative, computational wear modelling is a suitable means to provide a rapid and vigorous comparison between multiple variables in a parametric study [19] [20] [21] [22] [23] .
Computational wear modelling has improved for polyethylene artificial joints. Brown et al. [24] have pioneered the computational wear simulation of joint implants based on Archard's law and finite element contact models. The approach has been widely applied [25] [26] [27] [28] [29] , and continually enhanced particularly in an attempt to develop a generic wear model for UHMWPE based on fundamental wear properties [15, 30] . Recent advances include the quantification of multidirectional motion effect on polyethylene wear [13] , and the contact area dependent wear law [15, 31] in which the wear volume is proportional to the nominal contact area and sliding distance. The wear law assumes that the wear coefficient is constant over contact pressures but a function of the cross-shear resulting from the multidirectional motion. The use of the new model has therefore provided an independent wear prediction and improved the prediction agreement with that of experimental tests for both polyethylene hip and knee joints [15, 31] . The wear modelling has been further improved to include polyethylene creep in a parametric study on the joint diameters and bearing clearances of polyethylene hip joints [32] .
Motion inputs are a major factor in the simulator wear studies [16, 17] . Saikko and Calonius [33] have shown considerable differences in slide tracks on acetabular cup bearings resulting from varied motions, which implies a possible reason for causing a large difference in polyethylene wear. The present study focussed on the computational wear prediction of polyethylene cup bearings based on the contact area dependent wear law, and considered three types of motion inputs, the measured walking cycle [34] , ISO 14242 recommendation [35] , and simplified ProSim simulator testing [36] to justify the simplification of the motion inputs to provide guidance to the simulator design and testing.
Materials and methods
Total hip joint replacements consisting of an acetabular cup and a femoral head were modelled as a simple ball-in-socket configuration, as schematically shown in Fig. 1 , with respect to a fixed rectangular Cartesian coordinate system (OXYZ) [26, 32] . The bearing materials were chosen as the conventional UHMWPE GUR 1050 (non-cross-linked) for the cup and cobalt chrome alloy (CoCrMo) for the head. In the present study, the cup was inclined at 351 under a vertically applied resultant load, which replicates a general cup inclination of 451 in the pelvis with the load vector 101 medially [37] . A nominal 28 mm diameter hip joint with a radial clearance of 0.04 mm and the cup wall thicknesses of 8.0 mm and 4.0 mm, respectively, for the polyethylene bearing and its metallic backing shell was analysed [15] . The bearing materials used in this study are summarised in Table 1 .
Three sets of motion and loading conditions were considered to represent a physiological walking cycle of hip joints; the full simulated condition based on a gait measurement [34, 19] , and the simplified conditions including the ISO [35] and ProSim simulator testing [36] , as shown in Figs. 2 and 3 for motion and loading profiles over a cycle, respectively. All the rotation components given above were considered as Euler angles; the rotation transformation was performed following the sequence of flexion/ extension (FE), abduction/adduction (AA) and internal/external rotation (IER), and the rotation movements were performed on different bearing components for different cases [33] . For the measured walking (Case 1), all three rotations of FE, AA and IER were carried by the head with the cup being stationary; for the ISO condition (Case 2), the FE and AA rotations were conducted on the cup, and the IER rotation by the head; In Case 3, the simplified ProSim simulator testing, the FE and IER rotations were achieved on the cup and head, respectively. The loading was generally considered to be similar with the magnitudes of the averaged loads being, respectively, 1242, 1293 and 1057 N for the above Cases 1, 2 and 3, and the resultant load directions being similarly varied relative to the cup bearing surface [19, 35, 36] . The details of the range of motions and the associated moving bearings considered are summarised in Table 2 for the measured walking cycle, ISO and ProSim simulator [35, 36] .
The details of computational wear modelling for conventional UHMWPE bearings have been previously published, which include the development of the contact area dependent wear law [15] , the quantification of the cross-shear effect [15, 31] [32] . The methods were directly applied in this study, and for clarity, the major equations are briefly described in this paper. The volumetric wear was expressed as
where A is the contact area, L is the sliding distance and C is the wear coefficient [15] . The linear wear depth (d) was derived from Eq. (1) by dividing the contact area as
The wear coefficient (C) was assumed to be constant over the contact pressure range as experienced in the joint replacements, but dependent on the cross-shear resulting from the multidirectional sliding motion of the bearings. A general theory on the cross-shear effect of polyethylene wear is based on the polyethylene molecular reorientation and strain hardening [38, 39] . The polyethylene molecules on the bearing surface align with the principal direction of sliding, defined as principal molecular orientation (PMO), and lead to strain hardening and enhanced wear resistance; the sliding against the principal direction weakens the molecular reorientation and causes more wear. The crossshear was quantified using a cross-shear ratio, CSR, given by
where W ti and W pi are the discretised frictional work resolved in two directions, perpendicular to and along with the PMO of the bearing, respectively. The frictional work was calculated as the product of frictional force and sliding distance, and contact pressure determined from the bearing contact model was used to calculate the frictional force. The PMO was considered to be the direction along which the maximum amount of frictional work is released, and was numerically determined by iteratively comparing all the possible PMO directions [15, 32] . The ram-extruded non-cross-linked UHMWPE (0 Mrad, GUR 1050) pin and the cobalt-chromium plate with an average surface roughness R a of approximately 0.01 mm was used to determine the wear coefficient with pin-on-plate wear testing under conditions of the multidirectional motion, varied contact pressures and lubricated environment replicating those of full joint simulation [19] . The cross-shear was achieved by varying the rotation of polyethylene pins and the translation of metal plates in tests. found elsewhere [19] . The curve-fitted general wear coefficient (C) as a function of cross-shear ratio for the conventional noncross-linked UHMWPE (GUR 1050) for contact pressure range considered (1-10 MPa) was given by
A finite element contact model was constructed with linear hexahedral elements for the cup and an analytical rigid body for the head and solved to obtain contact pressure using ABAQUS TM (version 6.8-1, SIMULIA, Rhode Island) [15] . Approximately, 2000 elements were used for the polyethylene cup with a typical element length of 0.5 mm to ensure converged contact stress. The polyethylene with Young's modulus, 500 MPa, and Poisson's ratio, 0.4, was modelled as an elastic-plastic material, with initial Von Mises yield stress of 10.8 MPa as tested by Barbour et al. [12] using isotropic GUR412 UHMWPE (molecular weight 4 Â 10 6 g/mol). This data was assumed to be similar to that of the GUR 1050 in terms of elastic-plastic properties considered in the present study. The motion/loading cycle of 1 s was equally discretised into 16 time points. At each time point, the contact model was solved. For each nodal point on the cup bearing surface, the contact pressures obtained over the loading cycle were used to determine the wear coefficient, and subsequently the linear wear depths at each time point and the accumulated linear wear over the cycle as
where n is the number of discretised time points in a loading cycle, the cross-shear ratio (CSR), and L i is the sliding distance in the ith interval. The wear depth calculated for a single loading/ motion cycle was then scaled by a geometry update factor that is the number of loading/motion cycles in the interval after which the bearing geometry was modified. For the initial 64,000 cycles (the first 2000 min), 10 intervals evenly selected using a logarithmic scale were considered in order to calculate the high creep strain rate [32] , and the geometry update factor was then fixed at 250,000 throughout the rest of simulation [24, 26] . The linear creep deformation at a geometric point (d cr ) was calculated as
where B is a creep constant, 7.97/[log(min)) MPa], based on the extruded, unirradiated GUR 4150HP UHMWPE rod stock under constant pressures of 2.0-8.0 MPa in a 37 1C bovine serum reservoir for the polyethylene used [40] , p is the average contact pressure over loading history, t is the time length of the loading duration in minutes, and d is the thickness of the polyethylene bearing. The total linear penetration at a geometric point was considered to be the superposition of the linear wear and creep. The bearing geometry was modified by correcting the nodal coordinates of the contact model after each geometry update interval, and the finite element contact model was then recalculated based on the new geometry. The total simulation was carried out for 5 million cycles.
Results
The accumulated volumetric wear of the polyethylene cup bearings predicted with the three different motion inputs is compared in Fig. 4 , as a function of the number of simulated cycles, with the wear rates being 14.0, 13.4 and 12.2 mm 3 per million cycles, respectively, for the measured walking, ISO and ProSim simulator conditions. The predicted volumetric wear rates of the ISO and ProSim simulator conditions were 4% and 13% lower, respectively, compared with that of the measured walking condition. Fig. 5a -c shows the comparison of contact pressure distributions predicted on the bearing surface corresponding to the first peak loads of the three simulation conditions after 5 million cycles. The contact pressures predicted were generally comparable in terms of distribution areas and values, with slightly varied peak values of 6.0, 7.5 and 8.0 MPa for the measured walking, ISO and ProSim simulator conditions, respectively, and slightly different locations on the bearings (Fig. 5a-c) . The comparisons of wear depths and cross-shear ratios after 5 million cycle simulation are shown in Figs. 6 and 7 , respectively. The worn area for the measured walking condition was found to be larger by 7% and 13% (Table 2) , respectively, compared with those of the ISO and ProSim simulator conditions, but the maximum linear wear depths were approximately 0.1 mm for all cases (Fig. 6) . A good agreement in linear wear depths occurred between the three axes rotation motions of the measured walking and ISO conditions ( Fig. 6a and b) , while the use of the two axes of rotation led to the greater wear depths at two separate locations on the bearing (Fig. 6c) . The above trends in linear wear depths were mainly attributed to the cross-shear ratios, and good agreement was also found between the measured walking and ISO conditions ( Fig. 7a and b) , and the two axes of rotation of the ProSim simulator led to the large cross-shear ratios at separated locations (Fig. 7c) . However, the cross-shear ratios were generally comparable in terms of distribution sizes and value ranges between 0 and 0.35 for all conditions despite of the double peaks under the ProSim simulator condition. Moreover, for the non-cross-linked conventional UHMWPE, wear coefficients increased with the cross-shear ratio raised to the power of 0.15, as given in Eq. (4), which showed a sharp increase (3.2-7.7 Â 10 À 10 ) over low crossshear ratios (CSR¼0-0.01) and were steady (1.0-1.6 Â 10 À 9 ) over large ratios (CSR¼0.02-0.5). The major cross-shear ratio range of 0.02-0.4 was predicted on the polyethylene cup bearings (Fig. 7a-c) and the resulting wear coefficients were generally constant (1.0-1.6 Â 10 À 9 ) over the bearing surfaces. Fig. 8a-c shows the comparison of sliding distance distributions computed for the cup bearing surfaces. The sliding distances around the main loading areas on cup bearing surfaces were found to be in a comparable range, 9-22, 8-21, and 11-22 mm, respectively, for the three cases. The maximum linear wear depths, the areas of wear distribution, the maximum cross-shear ratios, and the average sliding distances are summarised in Table 3 .
The slide tracks of some representative points on the cup bearing surface were computed with respect to the head bearing surface and shown in Fig. 9a-c, for the three conditions. In Fig. 9 , the hemispherical bearing surface was flattened in order to show the slide track accurately without much distortion in a projection plot [33] . Therefore, the radial distance of the flattened surface equals to the distance measured from the pole along the spherical surface to the equator of the hemisphere; for example, the radius of the flattened surface is 22 mm in the present plot (Fig. 9) . The plotted slide tracks are similar to those of Saikko and Calonius [33] . The tracks were less smooth for the measured walking condition due to the less smooth motion inputs from the measurement (Fig. 9a) .
Discussion
Previous experimental studies carried out to investigate the effect of motion inputs on wear using ProSim simulators showed comparable volumetric wear. Barbour et al. [12] reported a typical wear rate of 38 mm 3 per million cycles for the three-axis rotation motion and a slightly lower rate of 32 mm 3 per million cycles by Bigsby et al. [41] for the two-axis rotation motion. In this study, the corresponding wear rates were 14 and 12 mm 3 per million cycles, respectively, for the three-axis and two-axis rotation conditions (Fig. 4) . In addition to the wear rate, the trend that the wear is comparable between the full and simplified rotation conditions was predicted by the present model. As pointed out in previous studies on model development [15] , the lower wear prediction was mainly due to the underestimation of the wear coefficients. The pin-on-plate wear tests were conducted under constant load other than dynamic as in joint simulators. However, the multidirectional motion of the bearings, the resulting crossshear and its effect on wear were fully modelled, quantified and incorporated based on pin-on-plate wear tests to study the effects of motion inputs. The contact pressure distributions predicted with respect to the peak loads at 5 million cycles were generally comparable (Fig. 5 ) under all the three simulation conditions. The linear wear depth distributions generally followed the contact pressure distributions (Fig. 6) . The greater wear depths, for example, 0.08-0.1 mm, occurred at the major loading areas on the bearing surfaces (Fig. 6a-c) showing the dominant effect of loading in determining the contact area and consequently wear.
The distributed linear wear for the three simulation conditions was generally comparable in terms of the distribution area and the range of wear depth values, which led to the comparable volumetric wear (Fig. 4) .
Based on the multidirectional theory and the assumption that both the molecular reorientation and polyethylene wear are a result of dissipated frictional energy, the cross-shear was quantified as the proportion of frictional work perpendicular to the PMO to the total frictional work [13, 15] . For UHMWPE cup bearings, in addition to loading, variations in motion inputs, which can affect cross-shear ratio, wear coefficients, and sliding distance, would be the major factor affecting wear as discussed below.
The cross-shear ratios for all the three simulation conditions markedly varied between 0.01 and 0.35 over the bearing surfaces (Fig. 7) , indicating that complicated cross-shear sliding occurred for both the three axes rotation and the simplified two axes rotation. The cross-shear ratios resulting from the three axes rotation of the measured walking and ISO were in good agreement ( Fig. 7a and b) , while the two axes rotation of the ProSim simulator led to a major variation in cross-shear ratios with the double-peak distribution (Fig. 7c ) compared to that with single peak for the three axes rotation conditions. The double-peaked cross-shear ratio led to the double peak distribution of wear depths as demonstrated by the maximum wear depths being predicted at two separate locations on the bearing surface (Fig. 6c) . However, the cross-shear ratios for all the three simulation conditions were generally in the range of 0.02-0.2 for the points at the main contact areas on the bearing, and the larger cross-shear ratios (CSR40.2) were generally distributed close to the peripheries of the main contact areas (Fig. 7a-c) . Therefore, the effect of the larger cross-shear ratios (CSR 40.2) on wear was considerably reduced due to the lack of contact in generating wear compared to those points within the main contact loading areas. The sliding distances of the points on cup bearing surfaces over a single motion cycle varied in a wide range of 6-24 mm with the averages being approximately 20, 18, 21 mm, respectively, for the measured walking, ISO and ProSim conditions (Fig. 8a-c) . However, the larger sliding distances were found to occur mainly at the main contact areas with comparable values ranging from 15 to 22 mm for all the motion inputs, and consequently the larger linear wear depths in these areas in addition to the effects of loading and cross-shear. The computed slide tracks of cup bearing surfaces (Fig. 9a-c) were found to be closely linked with the cross-shear ratios (Fig. 7a-c) . In contrast to the linear tracks leading to lower cross-shear ratios, the open slide tracks resulted in larger cross-shear ratios. Therefore, particularly for the ProSim condition, the distributed slide tracks on the bearing surface gradually changing shapes from elliptical to linear in the central region of the distribution (Fig. 9c) led to the decreased crossshear ratios for those points near the centre and consequently the double peak distribution (Fig. 7c) . Additionally, for the maximum cross-shear ratios under all the three conditions, 0.3 or 0.35 (Fig. 7) the corresponding slide tracks are comparable in the elliptical shapes as highlighted in the example in Fig. 9a-c .
In hip joint wear simulation of a normal walking condition, motion inputs can be simplified to lead to generally comparable wear as illustrated by the three cases considered in this study. The ISO condition closely replicated the three rotations of the measured walking, despite slight differences in the phases of AA and IER rotations; the simplified ProSim simulator motion was considered to be generally comparable with three rotation motion with AA rotation being removed and IER rotation being slightly increased in amplitudes approximately by 30% (Fig. 2b and c) . The computational modelling clearly demonstrated the complex cross-shear effect of bearing motion on major parameters in affecting wear such as slide tracks, sliding distances, cross-shear ratios, and wear coefficients. However, the resulting variations in major parameters were generally in a comparable range. The overall volumetric wear was therefore not largely affected by motion inputs. Normal walking is obviously only one of the joint activities. Even under similar activities, both motion and loading conditions can be significantly different for different patients, which can be expected to have more significant impact on wear and should be analysed further. Again, the wear coefficient determination based on the pin-on-plate wear testing to represent the full testing conditions including loading and motion was considered with some limitations. A recent study has shown the possible dynamic loading effect on UHMWPE wear [42] . It has also been recognised that UHMWPE-on-metal hip implants are working under boundary and mixed lubrication condition [43] . The effect of lubrication on wear was only generally incorporated in the wear coefficient by using the same lubricant in the pin-onplate testing as in the simulator. The Young's modulus of 500 MPa used for UHMWPE in this study was lower than that of UHMWPE after in vivo oxidation as considered in other studies [24, 25] . The use of lower Young's modulus can generally lead to larger bearing deformation prediction, but its effect on wear was considered to be small in the present modelling. Additionally, the strain softening effect on wear has been improved recently in which Lee et al. [44] pointed out that each sliding component may have an individual softening factor to provide better quantification of the cross-shear effect. All these limitations need further considerations.
Conclusions
The effect of motion inputs on UHMWPE wear was quantitatively analysed based on the major parameters in determining wear including cross-shear ratios, sliding distances, slide tracks and wear coefficients. Both the full simulated motion condition using the walking measurement, and the simplified motion simulation, including ISO standard and ProSim simulator conditions generated markedly varied but comparable cross-shear effect on wear over the cup bearing surfaces. The major range of cross-shear ratios (0.02-0.2) was found in the main contact areas on the bearings, and the larger cross-shear ratios (CSR4 0.2) were generally at the peripheries of the main loading areas. The predicted volumetric wear and linear wear depths were generally comparable under all the three sets of simulation conditions. The present study supports the use of the simplified motions of the ISO and the ProSim simulator to simulate the physiological walking conditions in wear prediction.
